INTRODUCTION
Grain boundary migration in metals, which is associated with a noticeable concentration change of components in the wake of the moving grain boundaries, has been investigated in recent years by several authors and is known as "Diffusion Induced Grain Boundary Migration, DIGM" /1-11/. Some of the investigated binary systems were Au-Cu and Au-Ag /9/, Fe-Zn /3/, W-Cr /1/, Pd-AgPd /2/, Cu-Ag,Mg,Sb, In,Cd,Sn /10/, Ni-Fe /8/, Cu-0 and Ag-0 /11/, W-Ni /12/ and Mo-Ni /13,14/. In each case a solid solubility of the second element in the host metal exists. In the wake of the migrating grain boundary a solid solution is formed which is either of higher or lower solute concentration than the solid solution present before the boundary passed. The excess solute for enrichment or depletion of the solid solution is considered to diffuse rapidly along the grain boundaries, whereas bulk diffusion is assumed to be negligible. Parts of one grain boundary usually bulge out alternately in both directions perpendicular to the original boundary. The migration direction chosen by a grain boundary area has not yet been satisfactorily explained. Balluffi and Cahn /5/ proposed a model, in which grain boundary dislocations are assumed to climb due to unequal diffusion rates of solute and solvent atoms in the grain boundary. The climb of grain boundary dislocations causes grain boundary migration by the motion of grain boundary steps /5/. Neither this nor other models have found unambiguous experimental evidence to support them and so it remains worthwhile to add experimental observations even though these are not completely understood yet.
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JOURNAL DE PHYSIQUE systems mentioned above, the s o l u b i l i t y o f N i i n W o r Mo i s very low i n the temperature regime investigated. The Mo(Ni)-ss a t 1290°C has a max. N i concentration o f 1.1 at.% /16/ and the W(Ni)-ss has 0.06 at.% N i a t 1380°C. I n t h i s paper g r a i n boundary m i g r a t i o n i n the Mo-Ni system a t higher temperatures, up t o 1400°C, i s described.
EXPERIMENTS
Heavily r o l l e d Mo f o i l s o f 25 and 50 pm thickness were heated up t o 1460 and 1500°C a t 10 and 1 K/min and annealed f o r 5 (1460°C) and 10 h (1500°C) i n H2.
The g r a i n s i z e a f t e r heat treatment was 0.3 t o 1 mm (1460°C) and 1 t o 3 nun The average m i g r a t i o n d i stance o f the g r a i n boundaries i s 1.5 pm a t 1290°C, 5 pm a t 1310°C and 7 pm a t 1330°C. The percentage o f the g r a i n boundary area which has migrated increases from 5 % a t 1290°C t o 18 % a t 1310°C and 94 % a t 1330°C. It appears t h a t i n l a r g e r regions bulging occurs p r e f e r e n t i a l l y i n t h e d i r e c t i o n o f one g r a i n (arrow). The base l e n g t h o f the bulges ranges from 5 t o 70 pm whereas the l e n g t h o f those 
p a r t s o f the boundary f i x e d a t t h e i n i t i a l p o s i t i o n i s o n l y 5 t o 10 pm. A f t e r longer annealing (12 h) pronounced g r a i n boundary m i g r a t i o n (15 pm a t 1290°C, 30 pm a t 1310°C and 1345°C) has occurred perpendicular t o the i n i t i a l p o s i t i o n (Fig. 2a t o c). I n a d d i t i o n t o the i n i t i a l and f i n a l p o s i t i o n s o f t h e g r a i n boundaries intermediate p o s i t i o n s o f t h e g r a i n boundaries were i n d i c a t e d by g r a i
n boundary grooves a t the surface o f the f o i l s . The distances given above were u s u a l l y measured between the i n i t i a l and an intermediate most advanced p o s i t i o n due t o the f a c t t h a t a f t e r 12 h o f annealing a l a r g e number o f migrated g r a i n boundary areas had returned t o the i n i t i a l g r a i n boundary p o s i t i o n o r t o p o s i t i o n s i n between the most advanced and the i n i t i a l p o s i t i o n . By r e v e r s i n g the m i g r a t i o n d i r e c t i o n the g r a i n boundaries a r e straightened again. Figure 2a shows a f t e r 12 h a t 1290°C t h a t g r a i n boundaries had formed s t r o n g l y curved humps o f 15 t o 30 ym length, 1, w i t h d o f 8 t o 12 ym, before m i g r a t i n g back. The Mo f o i l s annealed a t 1345°C f o r 12 h show t h a t the g r a i n boundaries a t t h e surface had migrated i n several steps. I n i t i a l l y the g r a i n boundaries show s i m i l a r features t o those shown i n Fig. I b a t  1310°C . Some p a r t s o f t h e g r a i n boundaries are f i x e d t o the i n i t i a l p o s i t i o n and cannot migrate i n the f i r s t step. On t h e l e f t hand s i d e o f the m i c r o s t r u c t u r e s t r o n g b u l g i n g has occurred i n t h e d i r e c t i o n o f g r a i n A w i t h faceted g r a i n boundary areas. This f a c e t i n g of g r a i n boundary areas i s more pronounced i n the n e x t stage o f g r a i n boundary m i g r a t i o n (Fig. 3b, b l ) . Some o f t h e facets (planes characterized by 1 and 2) show n e a r l y the same i n c l i n a t i o n t o a hypothetical (24-548 JOURNAL DE PHYSIQUE y-ordinate. Some o f the facets appear t o migrate s l o w l y whereas s t r o n g l y curved g r a i n boundaries move on r a p i d l y . For t h i s reason the r i g h t hand s i d e o f the g r a i n boundary i n Fig. 3b (b2) becomes s t r o n g l y curved during t h e t h i r d stage. The facets (1) do n o t migrate w h i l e the facets (2) move i n t o both d i r e c t i o n s perpendicular t o t h e i n i t i a l g r a i n boundary. When t h e f a c e t s (2) meet each other, a new g r a i n i s formed and the r e s t o f the g r a i n boundary smoothes out. The newly formed grains disappear d u r i n g f u r t h e r annealing (e). This sequence o f events can be recons t r u c t e d by the d i f f e r e n t p o s i t i o n s o f the g r a i n boundary grooves i n Fig. 3a o r by micrographs o f the surface taken a f t e r d i f f e r e n t stages o f annealing.
I n f l u e n c e o f N i Content
The N i content a t the surface o f the Mo f o i l s influences DIGM. In t h e case o f low N i content, the Mo f o i l was n e a r l y 5 m above the N i source, whereas i n the case o f h i g h Ni concentration the distance between the N i source and the Mo f o i l was o n l y 1 mm. Grain boundary m i g r a t i o n distances perpendicular t o the i n i t i a l posit i o n o f the g r a i n boundaries were measured i n 50 pm f o i l s a f t e r heat treatments a t 1250, 1320 and 1380°C (Fig. 4 ). Fig. 5a and b) . With low N i concentrations expanded areas o f the g r a i n boundary migrate i n one d i r e c t i o n (Fig. 5a ) and f a c e t i n g i s o n l y observed a t g r a i n boundary areas f i (Fig. 5b) . (Fig. 6b) . The o r i e n t a t i o n s are independent o f the d i r e c t i o n i n t o which t h e g r a i n boundary migrates. The p r e f e r r e d angles between t h e new p o s i t i o n o f the facets and the i n i t i a l p o s i t i o n o f the g r a i n boundaries were 45, 47, 78 and 90". These angles were observed between grains which both showed surfaces close t o (100) planes as i n d i c a t e d by c o l o u r etching /19/. Grain boundaries between grains w i t h surfaces one near t o (111) and t h e other near t o (110) planes show facets w i t h angles o f 13-15', 23-27", 37 and 45". Fig. 6b shows a representat i o n o f the microstructure o f a g r a i n boundary which faceted during m i g r a t i o n i n t o p l a n a r areas showing grooves a t the surface o f the Mo f o i l w i t h angles o f 45 and 57" t o the i n i t i a l p o s i t i o n o f the g r a i n boundary.
A t low N i content g r a i n boundary m i g r a t i o n s t a r t s a f t e r an incubation time w h i l e a t a h i g h Ni content g r a i n boundary m i g r a t i o n had occurred even a f t e r s h o r t times. The m i g r a t i o n distances a f t e r 1 h a t 1380°C are max. 10 um w i t h low and 30 pm w i t h h i g h N i content. The t y p i c a l features o f g r a i n boundary m i g r a t i o n d i f f e r f o r low and h i g h N i contents as shown f o r a Mo f o i l annealed a t 1380°C f o r 30 min (

x e d t o the i n i t i a l p o s i t i o n o r i n t h e case when the g r a i n boundary has changed i t s m i g r a t i o n d i r e c t i o n . With a high N i amount a t the surface o f the MO f o i l s the frequency o f humps i s h i g h e r and t h e m i g r a t i o n distances perpendicular t o the i n i t i a l g r a i n boundary are increased
Faceting Grain boundaries formed during m i g r a t i o n a t high temperature w i t h a l a r g e amount o f N i show l e s s pronounced f a c e t i n g than g r a i n boundaries which migrate e i t h e r a t lower temperatures o r a t high temperatures b u t w i t h a moderate
m m distance from t h e N i source). Grain boundaries observed a t t h i s c o n d i t i o n have developed pronounced facets which can be c l a s s i f i e d i n t o groups o f equal o r i e n t a t i o n
The onset o f f a c e t i n g was observed i n Mo f o i l s annealed i n N i vapour a t 1230°C f o r 30 and 60 min, which were then i n v e s t i g a t e d by TEM (Fig. 7a and b ) . Even a t the begin o f migration, g r a i n boundaries develop i n t o areas o f low indices (see a l s o r e f . /14/).
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SUMMARY AND DISCUSSION
The f o l l o w i n g observations on g r a i n boundary migration i n Mo-Ni seem important:
4. Grain boundary migration was observed t o occur in steps. The different positions of the grain boundary were marked by grooves a t the surface of the f o i l . These were observed between the i n i t i a l and final position.
5. Grain boundaries bulge out against t h e i r center of curvature. Humps were formed and develop into different types of facets. Inclinations of the facets to the i n i t i a l grain boundary were frequently 45 and 57" and less frequently 78 and 90°, when grains with surfaces near t o (100) planes form grain boundaries. In the case of boundaries formed by grains of 111 11 and {I101 planes a t the surface, the observed angles were 13-15", 23-27" and 45".
6. With increasing amount of Ni the frequency of humps increased. A t high temperature (1380 and 1400°C) and high amounts of Ni the pronounced faceting was replaced by (optically) continuously curved bulges.
7. Grain boundaries move back again during prolonged annealing. Humps were cut off and new grains were formed while the rest of the grain boundary became smooth again. The new grains disappeared a f t e r some time.
8. M o f o i l s annealed i n the absence of Ni up t o 1500°C showed no grain boundary m'igration.
The observations show that grain boundary migration i n Mo-Ni can be classified as DIGM. Grain boundary migration only occurred in the presence of Ni. By the formation of the grain boundary bulges the grain boundary area was increased. I t i s interesting to note that the grain boundaries f i r s t move in some larger areas but remain pinned a t i n i t i a l positions in other smaller areas. This gives the impression that the migration in expanded areas of the grain boundary would occur only in one direction. In the second or third stage migration in the opposite direction i s also initiated and humps can form. From TEM-observations there i s no evidence of features pinning the boundaries ( l i k e oxide p a r t i c l e s ) . I t seems not unlikely that differences in the grain boundary structure resulting in differences in the diffusivity of M o and Ni may change the mobility of the grain boundary in small areas. After additional annealing the grain boundaries facet into planes with special inclinations in respect t o the i n i t i a l position of the grain boundaries. This type of faceting was also observed during DI GM in Fe-Zn /21/ where facets always had the same inclination t o the i n i t i a l position of the grain boundary a f t e r annealing a t 520°C f o r 5910 min. Pan and Balluffi /9/ also observed facets in Au-Cu and Au-Ag. The inclination of these facets depended on the orientation relationship of the adjacent grains. Facets formed a t (0011 t i l t boundaries were either parallel or inclined a t 90" w i t h respect t o each other. Facets formed a t I11 1) t i l t boundaries were parallel or inclined a t 60'. In the case of Ni-DIGM in M o some groups of facets seem t o move faster than others. Parts of the grain boundary being parallel to the i n i t i a l position migrate very slowly, while parts of the boundary inclined t o the i n i t i a l grain boundary a t 55-50" or 90" are migrating much faster. This difference in migration velocity leads t o the formation of new grains. The facets in Fig. 6a and b perpendicular t o the i n i t i a l grain boundary continue to migrate forward until they come into contact. The r e s t of the grain boundary i s then isolated and a new grain i s formed.
The observation that grain boundary movement by DI GM stops without obvious reason was also made by Li and Hillert /22/ in Fe-Zn. In t h e i r experiments grain boundaries moved back and forth several times. One possible reason for the sudden decrease in the DI GM rate may be related t o the formation of facets during DIGM. I t was shown in /23/ that special boundaries develop facets during induced migration. The mobility of these special boundaries was found t o be low. A reduced migration r a t e of special grain boundaries was reported for DI GM in Au-Cu and Au-Ag alloys /9/. In small angle t i l t boundaries no DI GM was observed in these noble metal systems.
From the present understanding of DI GM a steep concentration gradient of a t l e a s t one component in front of the advancing grain boundary i s a necessary C4-552 JOURNAL DE PHYSIQUE prerequisite to maintain DIGM. If the mobility and the migration rate of the grain boundary decrease due to the development of facets the concentration gradient in front of the boundary may decrease below a critical level. As a consequence DIGM would stop rather abruptly.
